Introduction
in the transformer fluids and listing requirements now overcome the fire safety and environmental issues so that the benefits of liquid-filled transformers can be retained for indoor and adjacent to building installations.
Since the 1970s, the public has been sensitized to the polychlorinated biphenyl (PCB) based transformer oils. In 1976, the Toxic Substance Control Act [2] targeted PCB. The banning of further production and commercialization of PCBs, and increasingly restrictive Federal and state regulations, led to the introduction of other fire-resistant transformer types. While most PCB oil filled transformers have been replaced with PCB free mineral oil, fire resistant hydrocarbon fluids, or silicone oil, the replacement fluids have still not been environmentally preferred. The U. S. Environmental Protection Agency (EPA) published its most recent changes in 1998 [3] . Cooper Power Systems (CPS) developed a fire resistant natural ester based dielectric coolant [4] . In addition to superior fire safety, these natural ester dielectric fluids meet the US Environmental Protection Agency criteria as having "ultimate biodegradability" [5] .
It is increasingly important that dielectric fluids provide a better balance of functional performance inside the transformer versus environmental impact in the event of release. Inside the transformer, a stable, chemically inert fluid having good thermal and dielectric properties is desired. Externally, the fluid should become environmentally benign by being non-toxic and readily biodegradable. The environmental properties of vegetable oils are excellent.
Vegetable oils biodegrade quickly and completely, and also exhibit very low or no toxicity as compared to mineral oils [6] . This is mainly due to the fact that vegetable oil dielectric fluids do not contain halogens, polynuclear aromatics, volatile or semi-volatile organics, or other compounds that can be present in mineral oils or other dielectric fluids [7] . Vegetable oils have a much better biodegradation capacity than mineral oil under aerobic as well as anaerobic conditions. Tests carried out by various researchers severally indicate that vegetable oils undergo about 70-100% biodegradation in a period of 28 days [8] . Significantly, they are environmentally friendly: renewable, non toxic and biodegradable [6] .
Natural esters have the highest chemical and thermal stability. Natural ester dielectric fluids have a fire point of 360°C and qualify as "K" class per IEC 61100. They have practical installation and regulatory advantages in many types of sites [9] [10] [11] . A series of experiments establish that the thermal degradation of paper insulation decreases by a factor of 5-8 times in natural ester compared to the degradation in mineral oil [12] [13] [14] . Vegetable oils show some oxidative stability as well. The products of oxidation in mineral oil can react to form sludge precipitates. However, vegetable oils oxidize differently than mineral oils. The products of oxidation do not form sludge precipitates. Instead, the oil eventually begins to thicken and ultimately polymerize [15] . This results in dramatic increase in viscosity which may form the basis of a "smart" self sealing system for cable applications. Different researchers have reported the general indicators of oil ageing, for example, coloration [16] , oxidation [17] , increased acid number, water content [18] and increased dielectric loss [19] are well understood and appreciated. Hosier et al, 2008[20] reported that the dielectric loss of vegetable oils ofter any given period of ageing was no worst than mineral oil and hence they could form the basis of suitable replacement for mineral oil in high voltage equipments.
Vegetable oils are used in transformers due to their electrical insulating property that becomes limited by their breakdown on the application of high voltage across them. This breakdown voltage is highly influenced by the impurities like humidity, gases and particles present in the oil. This gives rise to the tendency for comparing them with others by controlling the impurity contents. Water solubility level of ester and mineral oil creates a great difference between them. Ester oil is capable of absorbing 20 to 30 times more water than mineral oil that decreases the humidity effect on insulation strength of ester oil [21] . This makes the ester oil superior than mineral oil. But on the other hand, one should be very careful in handling the ester oils when used in transformer.
Fire-resistant natural ester fluids have redefined the liquid insulated transformer value proposition. Consultants, engineering firms, contractors, and end-users are rethinking their transformer selection based on the many benefits of using liquid-filled transformers indoors. Since the introduction of ester-based fluids five years ago, dozens of indoor applications are leading the way to restoring these advantages at the lowest first cost and lowest operating costs. New fluid insulation technologies preserve and improve on the performance advantages of liquid-filled designs while providing excellent environmental and safety benefits [1] .
This work deals with the measurement of dielectric properties of edible oils (in the category of Natural Ester Fluid) such as corn oil and cottonseed oil, and transformer oil (in the category of Mineral Oil). From table (given below), it is clear that the edible oils seem to be superior to the transformer oil as for as various attributes are concerned. The relative comparison of high fire point and less flammable liquid filled transformer types, and their attributes are given in Table 1 below [22] . 
Experimental Detail
Three samples namely, corn oil, cottonseed oil and transformer oil (having International Electrotechnical Commission number IEC-60296) used in this experiment were purchased from the local market. The dielectric measurements were made by using an Ando TRS-10T dielectric loss measurement system [23, 24] . Measured quantities were the capacitance C a (air as a dielectric), the capacitance C x (oil as a dielectric) and the conductance G x of the dielectric at frequency ω = 2πf (f is the measuring frequency of observation). These measurements were made in the frequency range, 330 Hz to 3 MHz and temperature range 25 ºC to 70 º C for all the three samples. The dielectric constant έ and dielectric loss factor ε″ were calculated as [23, 24] . The measured data was recorded and plotted in such a way that the dots in figures represent the experimental results while straight lines are the result of the computer generated least square fit to the data. After finishing the measurements for each replicate, the oil sample was drained out from the test fixture, and then the fixture was disassembled, cleaned, and dried at room temperature.
The investigations of breakdown voltage of different oils are carried out in a cell with 10 mm diameter spherical electrodes with 2.5 mm gap. The voltage raised with a step of 5 kV until flash over is observed. The test was repeated 6 times as required by the IEC 60156 standard. Fig. 1 shows the frequency dependence of dielectric constant έ for all three samples at room temperature. The comparison of dielectric constant values of corn oil and cottonseed oil with that of transformer oil shows that dielectric constant values of corn oil and cottonseed oil are higher than that of the transformer oil. The two vegetable oils have nearly the same dielectric constant which is relatively higher than that found in the transformer oil. This can be attributed to the presence of triglycerides in the vegetable oils which have a polar nature. On the other hand, transformer oil mainly consists of refined petroleum which contains non polar alkane molecule and thus it has a comparatively lower dielectric constant [25] . From Fig. 1 , it is clear that the dielectric constant shows a slight decrease with frequency. Similar observations have been made in ref. [26, 27] .
Results and Discussion
As dielectric dispersion occurred, the dielectric spectra diminished and there is slight monotonous decrease of έ values of vegetable oils with the increase in frequency. This change is in accord with the Debye equations for dependence of the έ on frequency which show that έ decreases with frequency. This decreasing tendency is also in close agreement with earlier results [27] in which Pace et al. reported that the έ of selectively hydrogenated vegetable shortening showed a general plateau in low frequency range and then a decrease as the frequency was further increased. Otherwise, the study of dielectric properties of oils in low frequency region will benefit the development of a simple and cheap method for evaluating oil quality. This change is only observed in vegetable oils due to the fact that dielectric medium have orientation polarization (also known as dipole polarization), atomic polarization and electronic polarization, where as in case of pure transformer oil (which contains non polar alkane molecule) there is no orientation polarization and ε′ remains constant due to the contribution of only atomic and electronic polarization of transformer oil. 2 shows the frequency dependence of dielectric constant έ for all three samples at elevated temperatures of 50 ºC and 70 ºC. These figures show that there is a slight decrease in the dielectric constant with the increase in temperature. This decrease in dielectric constant with the increase in temperature is due to the decrease in density which is directly related to the density of dipoles in the sample. The increase of temperature also causes the increase in kinetic energy of the moving segments leading to a greater randomness of motion and thus it decreases the dipole orientation which results in low dielectric constant.
Figs. 3 show the temperature dependence of dielectric constant έ for all the three samples at frequency of 3 kHz, 30 kHz and 1 MHz. From these figures, it is clear that the dielectric constant of all samples decreases with increase in the temperature. This temperature dependence of all oils could be assumed that, as the temperature increased, oil viscosity decrease, relaxation times decrease leading to an increase in dipole moment and a decrease in the έ. It is well-known that the viscosity of oils decreases with the degree of un-saturation increasing. Therefore, it could be assumed that the different viscosity of oils resulted in the differences of decreased gradient of έ of different oils with increasing temperature [26] . . 3 (3) , 481-492 (2011) We use a dielectric coolant and fluid, having high dielectric constant for distribution and power transformers [28] . Comparison of the dielectric constant values of vegetable oils with that of transformer oil (as shown in Figs. 1-3) suggests that the vegetable oils having the higher value of dielectric constant may be used in transformers as a dielectric coolant.
Dielectric loss factors (ε″) of two vegetable oils and transformer oil are measured over the frequency range 330 Hz-3 MHz at three fixed temperatures, 25°C, 50°C and 75 °C.
Figs. 4 show the results. The ε″ for insulating materials used in electrical equipment are constituted by two different components: the losses related to conduction processes and those related to the polarization phenomena. Since vegetable oils have polar nature and their conductance also increases with the rise in frequency at fixed temperature. So in vegetable oils conductance and polarization both factors increase ε″ at higher frequencies. Fig. 4a indicates that ε″ for the vegetable oils exhibited same frequency dependence, i.e., a decrease in ε″ from 330 Hz to 1 kHz mainly due the increase in polarization effect which causes to increase in dielectric constant and eventually decreases ε″. After this ε″ have almost constant value up to 10 kHz and finally an increase in ε″ from 10 kHz due to the increase in conduction with rise in frequency. The transformer oil is a non-polar liquid with a capacitance that changes very little with frequency, but oil also has conductivity that varies with the frequency. The conductivity of transformer oil initially decreases with the rise of frequency so in Fig. 4a there is initially decrease in the ε″. At higher frequencies conductivity of the oil increases, this yields increase in the dielectric loss factor. Hence dielectric loss in good transformer oil at power frequencies and operating temperatures results from conduction only, the contribution of polar molecules to the ε ″ being negligible.
When the same type of plots (ε″ vs. log f) are taken at 50°C and 70°C (Figs. 4 b, c) , it is seen that the transformer oil has same behavior, i.e, first its ε″ decreases due to decrease in conductance at lower frequency side and then ε″ is increasing as we go to higher frequency side due to the increase in conductance. For vegetable oil at higher temperatures (50°C and 70°C) a small ε″ peak is observed at intermediate frequency, which may be attributed to the accumulation of free fatty acids or other impurities at the electrode surface. This effect is more enhanced at higher temperatures due to the lower viscosity of the medium.
The temperature dependence of έ and ε″ is quite complex and may increase and decrease with temperature at fixed frequency depending on the material. For transformer oil before and after 3 kHz, ε″ increases. When log (ε″) vs. T scan is taken at this frequency as shown in Fig. 5a , it is seen that loss factor first decreases with increase in temperature. This is due to the fact that with the rise in temperature viscosity of the oil decreases due to which ε″ also decreases. As the temperature increases further the resistivity of the oil increases with the result in the fall of dielectric constant [29] and hence the increase in ε″. There is also a fluctuation in the ε″ for edible oils but ε″ for both cotton seed oil and corn oil is much lower than transformer oil. This shows that dielectric constant for edible oils has higher value than transformer oil at 3 kHz. When same plots are taken at 30 kHz as shown in Fig. 5 b, it is seen that for transformer oil ε″ is greater as compared to edible oil and there is a small fluctuation in ε″ with the increase in temperature. When same plot is taken at 1 MHz as shown in Fig. 5 c, it is seen that ε″ is small for transformer oil as well as edible oil but the value of ε″ is very small for edible oil as compared to transformer oil. In general, the dielectric loss factor of the two vegetable oils is less than that of transformer oil, particularly in corn oil (as shown in Figs. 4 and 5) over a wide frequency range. We use a dielectric coolant and fluid, having low value of dielectric loss factor for distribution and power transformers [30] . Comparison of the dielectric loss factor values of the vegetable oils with that of transformer oil suggests that the vegetable oils may be used in transformers because the loss factor is even lower than that in the transformer oil, generally at all frequencies and temperatures.
The results obtained from the experiment on breakdown voltage of oils are shown in Fig. 6 . The results show that the natural ester oils, especially corn oil, have somewhat better average BDV, which is 95 kV, than the mineral oils. But due to the steps of 5 kV the true breakdown voltage may be 5 kV less than the 95 kV average observed values.
Conclusions
The market and regulatory pressures to reduce liability risk exposure of mineral-oil-filled distribution and power transformers are increasing. In addition, there are demands to improve equipment efficiencies and adopt more "earth-friendly" options in our power systems. Considering these paradigm shifts, the industry has been developing new transformer concepts.
The έ of vegetable oils showed the same frequency dependence. The dielectric spectra exhibited a general plateau. As dielectric dispersion occurred, the dielectric spectra diminished and there is slight monotonous decrease of έ values of vegetable oils with the increase in frequency. The έ of transformer oil remains constant due to the presence of non polar alkane molecule but it decreases with increase in temperature. The results showed that the έ value of vegetable oils has higher value and dielectric loss factor ε ′ ′ of vegetable oils have lower value than that of the transformer oil. The study of breakdown voltage of oils shows that, vegetable oils, especially corn oil, have somewhat better average value of breakdown voltage than that of the transformer oil.
Based on data obtained from laboratory experiment, it is suggested that a practical vegetable oil based dielectric coolant using food-grade additives may also be incorporated into transformer insulation systems with minimal modifications.
